Correlations between miRNA profiles in the villus/crypt fractions and organoids were 125 evaluated using Pearson's correlation coefficient (r). Data were analyzed using GraphPad 126
Prism for Macintosh (version 6, GraphPad Software, San Diego, CA). P values <0.05 were 127 considered to indicate statistical significance. 128
Results

130
Murine intestinal organoids resemble intestinal epithelium in their miRNA profiles. 131
Light microscopic observation of crypt and villus fractions prepared from murine small 132 intestine showed a typical morphological appearance of intestinal crypt and villus, respectively 133 (Supplementary Fig. 1A and 1B, respectively). We then examined the mRNA levels of Fabp2 134
and Lgr5, markers of differentiated enterocytes located on the villus [13] and of stem cells 135 located on the crypt base [2] , respectively. qRT-PCR showed that the Fabp2 mRNA levels 136 were significantly higher in the villus than in the crypt fraction ( Supplementary Fig. 1C ), and 137 that Lgr5 mRNA levels were significantly higher in the crypt than in the villus fraction 138 ( Supplementary Fig. 1D ). These data suggest that crypts and villi were enriched separately in 139 each fraction. In addition, we successfully cultured murine intestinal organoids (Supplementary 140 Fig. 1E and 1F ). On day 5 of culture, we observed the typical structure of mature intestinal 141 organoids, consisting of a central cyst structure and surrounding crypt-like budding structures.
7
qRT-PCR showed that the mRNA levels of Apoa1, Muc2, and Pyy, differentiated enterocyte, 143 goblet cell, and enteroendocrine markers, respectively [14] , were significantly or tended to be 144 higher in the organoids on day 5 than in those on day 1 ( Supplementary Fig. 1G-1I ). However, 145 the mRNA levels of a differentiated Paneth cell marker Lyz1 did not differ between the 146 organoids on day 1 and day 5 ( Supplementary Fig. 1J ). These data suggest that intestinal 147 organoids on day 5 are richer in differentiated enterocytes, goblet cells, and enteroendocrine 148 cells, but not Paneth cells, than those on day 1. We analyzed miRNA expression profiles in the 149 intestinal crypt/villus fractions and organoids by microarray and detected 1,214 miRNAs 150 (Supplementary Table 2 ). Scatter plots comparing globally normalized signal intensities of 151 miRNAs showed that the miRNA expression levels were moderately correlated between the 152 crypt and villus fractions (r=0.64, Fig. 1A ). The miRNA levels were highly correlated between 153 the organoids on day 1 and day 5 (r=0.96, Fig. 1B ). Between the crypt/villus fractions and 154 organoids, the miRNA levels correlated highly, with Pearson's coefficient above 0.70 in all 155 cases ( Fig. 1C-1F ), indicating that organoids resemble intestinal epithelial cells in their miRNA 156 profiles. In particular, the highest correlation was observed between the organoids on day 5 and 157 the crypt fraction (r=0.91, Fig. 1D ). However, it is noteworthy that there are some miRNAs, 158 including mmu-miR-143-3p and -145a-5p, in which the levels were extremely high in the villus 159 fraction but undetectable in the organoids on day 5 (Fig. 1F) . 160
161
Expression of some miRNAs are differentially regulated along the crypt-villus axis of 162
intestinal epithelium in mice. 163
Although the levels of most miRNAs were similar between the crypt and villus fractions, 164 substantial numbers of miRNAs were expressed at different levels (Fig. 1A) . Microarray 165 analysis showed that the levels of 56 miRNAs were higher in the villus fraction than in the crypt 166 fraction by more than four-fold ( Fig. 2A) . We performed qRT-PCR to compare 13 miRNAs in 167 which the levels were higher in the villus fraction than in the crypt fraction by more than 168 ten-fold. Seven miRNAs, mmu-miR-145a-5p, -143-3p, -199a-3p, -451a, 7027-5p, -125b-5p,8 2C), whereas the other six miRNAs were not significantly different ( Supplementary Fig. 2) . 171 Among the 12 miRNAs in which the levels were higher in the crypt than in the villus fraction by 172 more than four-fold as shown by microarray (Fig. 2B) , mmu-miR-3084-3p and -1839-39 were 173 significantly or somewhat higher in the crypt than in the villus fraction (Fig. 2C) . However, the 174 other eight miRNAs were the same between the fractions (Supplementary Fig. 2) . 175
176
Expression of some mRNAs may be regulated by miRNAs along the crypt-villus axis of 177 intestinal epithelium in mice. 178
We predicted target genes of nine miRNAs in which the different expression levels 179 between the crypt and villus fractions were validated by qRT-PCR. Among 103 genes that 180 overlapped with the four prediction tools, we selected 15 manually according to GO biological 181 process terms describing cell proliferation, cell differentiation, or cell death (Table 1) . 182
qRT-PCR analysis showed that the mRNA levels of six predicted target genes, Cited2, Dach1, 183
Pdcd4, Etv6, Lmo4, and Fzd6, were significantly lower in the villus than in the crypt fraction 184 (Fig. 3) . Thus, these genes were expressed inversely from their corresponding miRNAs, 185 suggesting that they may be regulated by their corresponding miRNAs. The mRNA levels of 186 the other six genes, Dusp6, Foxo1, Tbx1, Ywhaz, Sirt1, and Rnf144b, were the same between 187 the fractions, and the levels of Rac1 were significantly higher in the villus than in the crypt 188 fraction ( Supplementary Fig. 3 ). The mRNA levels of Ambn and Foxc2 were undetectable. 189
190
Maturation process of murine intestinal organoids does not reflect the crypt-villus axis of 191
intestinal epithelium in terms of miRNA profile. 192 To compare the maturation process of intestinal organoids and intestinal epithelium along 193 the crypt-villus axis in terms of miRNA profiles, we constructed a heat map of miRNAs in the 194 crypt/villus fractions and the organoids on day 1 and day 5 (Fig. 4A) . Only 25 miRNAs with 195 different expression levels between the crypt and villus fractions as shown in Fig. 2A and 2B  196 are listed. The heat map showed no clear differences in the levels of these miRNAs between the 197 organoids on day 1 and day 5. We further examined some miRNAs and their target mRNAs by9 qRT-PCR. The levels of mmu-miR-145a-5p, -143-3p, and -125b-5p were significantly lower in 199 the organoids on day 5 than in those on day 1, and the mmu-miR-3084-3p levels were the same 200 between the organoids (Fig. 4B ). In addition, the mRNA levels of Cited2, Dach1, and Pdcd4 201 were significantly higher in the organoids on day 5 than those on day 1 (Fig. 4C) Clearly, substantial numbers of miRNAs were differentially expressed between the 221 crypt/villus fractions and organoids. It is particularly notable that some miRNAs, including 222 mmu-miR-143-3p and -145a-5p with extremely high levels in the villus fraction, were 223 undetectable in the organoids on day 5 (Fig. 1F ). In the organoids on day 1, however, these two 224 miRNAs were detected, although the expression levels were quite different from the villus 225 fraction (Fig. 1E) . From these results, we speculate that different expression levels of some 226 miRNAs between the crypt/villus fractions and organoids might reflect contamination by 227 non-epithelial cells in the crypt/villus fractions. Indeed, previous studies demonstrated that 228 miR-143/145 are expressed in mesenchymal cells and not epithelial cells in the intestine [15, 229 16] . It is possible that mmu-miR-143-3p and -145a-5p in the organoids on day 1 are derived 230 from surviving mesenchymal cell contamination. 231
Alternatively, the different expression levels of some miRNAs between the crypt/villus 232 fractions and organoids might reflect the absence of luminal factors including dietary 233 constituents and gut microbiota in the organoids. In addition, organoids also lack endocrine, 234 nervous, and immune systems. Therefore, it is likely that the expression of some miRNAs may 235 be regulated by such factors. In other words, organoids provide a useful in vitro model to test 236 whether these factors influence miRNA expression in intestinal epithelial cells. 237
We observed that some miRNAs were differentially expressed between crypt and villus 238 fractions, although the levels of most miRNAs were similar between them, being in line with 239 previous studies [8, 10] . These findings suggest that most miRNAs are not regulated during the 240 cell renewal process, i.e., cell proliferation, cell differentiation, and cell death, along the 241 crypt-villus axis in the intestine. However, the present study was substantially different from 242 those previous studies in the miRNA profiles. Although RNA samples in the present study were 243 isolated from epithelial cells in the villus and crypt fractions, McKenna et al. [8] isolated the 244 samples from intestinal mucosal scrapings. Therefore, miRNAs expressed in non-epithelial 245 cells would have been included in the analysis. Indeed, the miRNA profiles in McKenna et al. 246 [8] were different from those in Zhang et al. [10] in which the RNA samples were isolated from 247 epithelial cells. In addition, Zhang et al. [10] employed a miRNA PCR panel in which 750 248 miRNAs were probed and then detected 239 miRNAs per sample, while the present study 249 employed a miRNA microarray that contains 1,900 miRNA probes and then detected 1,214 250 miRNAs per sample. Thus, miRNA profile data would be profoundly influenced by sample 251 preparation and analytical method. 252
The present study showed that the number of miRNAs expressed specifically in the villus 253 fraction was much larger than the number of miRNAs expressed specifically in the crypt 254 fraction. Given that the different types of terminally differentiated cells has different miRNA 255 profiles, it seems likely that the villus fraction consisting of three types of terminally 256 differentiated cells (enterocytes, goblet cells, and enteroendocrine cells) has more diverse 257 profiles of miRNAs as compared to the crypt fraction that consists mainly of immature 258 transit-amplifying cells. 259
The miRNAs differentially expressed in the crypt and villus fractions in the present study 260 have been reported to be associated with the pathophysiology of intestinal disorders. Ng et al. 261 [17] reported that hsa-miR-451a is highly expressed in the intestinal tissue of infants with 262 necrotizing enterocolitis as compared with normal tissue and is inversely correlated with the 263 expression of Toll-like receptor 4 (TLR4), suggesting that hsa-miR-451 is involved in the 264 pathogenesis of enterocolitis through TLR4 signaling defects. Zhou et al. [18] showed that the 265 expression of hsa-miR-199a/b is decreased in the large intestinal tissue of patients with 266 diarrhea-predominant irritable bowel syndrome (IBS-D) and is correlated with increased 267 visceral pain. Martínez et al. [19] reported that hsa-miR-125b is involved in epithelial barrier 268 function dysregulation in the small intestines of patients with IBS-D. In the present study, the 269 levels of mmu-miR-451a, -199a-5p, and -125b-5p were significantly higher in the villus 270 fraction than in the crypt fraction, suggesting that the expression of these miRNAs is regulated 271 during the cell renewal process along the crypt-villus axis. Elucidating this regulatory 272 mechanism may lead to the establishment of treatment strategies for the intestinal diseases. 273
The present study predicted Cited2, Dach1, and Pdcd4 as target genes for 274 mmu-miR-145a-5p. In addition, Lmo4 and Etv6 were predicted for mmu-miR-143-3p. This might be due to the lack of luminal factors and endocrine, nervous, and immune systems in 301 the organoids as described above. In addition, different cell populations between in vivo 302 samples and organoids might exist. Epithelial cells are much more abundant in villi as 303 compared to crypts in vivo, whereas crypt regions are predominant in mature organoids. 304
In conclusion, the present study showed that murine intestinal organoids largely resemble 305 intestinal epithelium in their miRNA profiles. However, the miRNA profile during the 306 maturation process of organoids did not reflect the profile along the crypt-villus axis. mmu-miR-3968 mmu-miR-1983 mmu-miR-487b-3p mmu-miR-1949 mmu-miR-5100 mmu-miR-6366 mmu-miR-375-5p mmu-miR-6364 mmu-miR-1927 mmu-miR-3084-3p mmu-miR-1839-3p mmu-miR-3068-3p mmu-miR-143-3p mmu-miR-145a-5p mmu-miR-7077-5p mmu-miR-6402 mmu-miR-125b-5p mmu-miR-145b mmu-miR-6999-5p mmu-miR-451a mmu-miR-126a-3p mmu-miR-199a-3p mmu-miR-142a-3p mmu-miR-199a-5p mmu-miR-7027-5p 
Rnf144b
Supplementary Fig. 3 Comparison of mRNA expression levels between crypt and villus fractions isolated from murine small intestine. The mRNA levels in each sample (n=6 in each fraction) were estimated by qRT-PCR. In each graph, values with asterisks are significantly different vs. crypt fraction (P<0.05).
